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Introduction {#sec001}
============

Switchgrass (*Panicum virgatum* L.) is a native, perennial and warm season grass; convenient for biomass production for renewable fuels, and well documented as fodder crop grown easily on low fertile soils \[[@pone.0230464.ref001]\]. As a perennial rhizomatous grass, it has a broad climate tolerance, rapid growth rate, high biomass yield, strong tolerance to low fertilizer level and varied abiotic and biotic stress \[[@pone.0230464.ref002]\]. It has strong root system which facilitates soil preservation and improves soil fertility resulting in less labor in farming practices \[[@pone.0230464.ref003]\].

Switchgrass has less of an affinity for fertilizers \[[@pone.0230464.ref004]\]. As a C~4~-type, It possesses many agricultural advantages over C~3~-type plants and other conventional grasses because of low fertilizer requirements, pest and disease tolerance, and less costs of harvesting \[[@pone.0230464.ref005]\]. Conventional breeding of switchgrass biomass is often difficult because it displays high degree of self-incompatible hindrance therefore, genetic purity and productive can be sustained through plant tissue culture approaches \[[@pone.0230464.ref006]\]. Additionally, as an undomesticated plant, switchgrass has great potential for agronomic and biofuel trait improvements \[[@pone.0230464.ref007]\]. It has a large genome, allopolyploidy, self-incompatibility, long life cycle, and large stature-all suboptimal traits for rapid genetics research \[[@pone.0230464.ref008]\].

Genetic improvement through biotechnological tools is important to realize the potential of the biomass and biofuel-related uses of switchgrass. Tissue culture techniques aimed at rapid propagation of switchgrass have been developed \[[@pone.0230464.ref009]\]. With the current interest in cellulosic biofuel feedstocks, switchgrass (*Panicum virgatum* L.) research has increased in North America over the past decade \[[@pone.0230464.ref010]\]. So far, tissue culture is used for the selection of different explants or plantlets and provides opportunity to study different characteristics of plant development along with growth in controlled sterilized conditions \[[@pone.0230464.ref011]\].

Nanotechnology have substantially changed the modern scientific era by using different methods to synthesize nano-sized particles \[[@pone.0230464.ref012]\]. NPs are tiny materials having size ranges from 1 to 100 nm \[[@pone.0230464.ref013]\]. Nanotechnology has changed the properties of metal elements' delivery into and effect on living systems \[[@pone.0230464.ref014]\]. This field has vast application in different areas such as food, biomedical research, cosmetics, health care, drug delivery \[[@pone.0230464.ref015]\] and different domains like energy science, photochemistry have benefitted from nanotechnology \[[@pone.0230464.ref016]\]. Development of nanomaterials and Nano devices opened up unique application in agriculture and plant biotechnology \[[@pone.0230464.ref014]\]. Metallic nanoparticles have been synthesized through plethora of techniques; among that green engineering of the nanoparticles or nano materials is more eco-friendly and cost effective method \[[@pone.0230464.ref017]\]. The application of nano-fertilizer in agriculture crop system has shown significant improvement in crop yield and productivity and has accelerated nutrient use efficiency of plants by minimizing the undesirable loss of nutrients from soils \[[@pone.0230464.ref018]\]. NPs have shown ability to boost the broad range of physiological progressions including growth and photosynthesis of plant \[[@pone.0230464.ref019]\].

Zinc, one of the essential micronutrients and an important constituent of several enzymes is crucial to plant development, as it plays a significant part in a wide range of processes. Zn deficiency in soils poses deleterious effect on growth and development of plants \[[@pone.0230464.ref020]\]. Moreover, Zinc play a key role in protein synthesis, carbohydrate metabolism and phyto-hormonal regulation of auxins responsible for growth and stem elongation in plant. In addition to this, Zinc has been found to mitigate the oxidative stress in plants by the activation of various antioxidant enzymes \[[@pone.0230464.ref021]\]. Zinc oxide nanoparticles (ZnO NPs) improve plant growth when incorporated or absorbed into transport system of plants and disperse in the plant cell because of their nano size \[[@pone.0230464.ref022]\]. Translocation and absorption of NPs in various plant parts depend upon concentration, solubility, exposure time, anatomy and bioavailability of plants \[[@pone.0230464.ref023]\].

To the best of our knowledge, no work has been reported so far on callus induction and plant regeneration via plant tissue culture through green fabrication and nano-formulation of Zin oxide NPs. In the recent years, the application of NPs has effectively led to the exclusion of microbial contaminants from explant culture. Keeping in view the importance of ZnO in plants growth, we followed a superficial green synthesis way for ZnO-NPs fabrication and its callogenesis and morphogenesis effects have been studied in *Panicum virgatum*. It is firmly believed that this research would open new doors in tissue culture technology through improvement in plant in vitro regeneration frequency in several other plant groups.

Experimental {#sec002}
============

Ethical statement {#sec003}
-----------------

This study does not involve any human or animal participation, hence no permit was required.

Extract preparation {#sec004}
-------------------

The whole plant leaves of *Cymbopogon citratus* grass were collected from Azad Jammu and Kashmir and northern areas of Pakistan and identified by taxonomist experts at the department of Botany, University of Poonch Rawalakot. The fresh leaves of *C*. *citratus* were detached carefully and washed thrice with d.H~2~O to remove dust particles and dried at room temperature under shade to avoid dissociation of secondary metabolites. The dried leaves were then crushed into fine powder by utilizing electrical grinder. 50 g of fine powder of leaves was dissolved in 500 ml of dH~2~O and boiled for 1hr at 100°C to extract active components. For maximum extraction, plant solution was then positioned in orbital shaking incubator for overnight at 37°C. Afterward, the extract was filtered through eight layer of muslin cloth and Whatman filter paper no.1 separately ([Fig 1](#pone.0230464.g001){ref-type="fig"}). The extract was stored at 4°C for further processing \[[@pone.0230464.ref024]\].

![Schematic diagram of green-synthesized of ZnO-NPs using *Cymbopogon citratus*.](pone.0230464.g001){#pone.0230464.g001}

Green synthesis of ZnO NPs {#sec005}
--------------------------

8.93 g of zinc nitrate hexahydrate salt (Sigma Aldrich) was mixed in 300 ml of the leaves extract (pH 5.7) and placed at hot plate magnetic stirrer set to 80°C for 2 hr ([Fig 1](#pone.0230464.g001){ref-type="fig"}). The reaction solution was centrifuged twice for 15 min at 11269 × g in GR-BioTek centrifuge until greyish white pellet set down at the base of the tubes. Pellets were then washed with deionized H~2~O thrice. ZnO-NPs obtained were dehydrated utilizing hot air-drying oven (Memmert) at 60°C for 6 hr. Moreover, to obtain the crystalline zinc oxide nanoparticles calcinations were done at 400°C for 2 hr in Gallenkamp-furnace \[[@pone.0230464.ref025]\].

Structural characterization of ZnO-NPs {#sec006}
--------------------------------------

Structural and optical characterization of green synthesized ZnO NPs were performed to evaluate their diameter, purity, surface modification and configuration through Scanning Electron Microscope (SEM, TESCAN, MIRA3), Energy Dispersive Spectroscopy (EDS, Oxford), X-ray Diffraction (XRD, GNR Analytical Instruments Groups) and ATR- Fourier Transform Infrared Spectroscopy (ATR-FTIR, Thermoscientific) analysis. Structural along with elemental aspects of the green-synthesized ZnO-NPs were characterized using scanning SEM examination with JOEL JSM 6490LASEM operating at accelerating voltage of 20 kV along EDX detector. Crystalline structure of powder NPS was assessed through XRD. Crystallographic structure of green-synthesized ZnO NPs was obtained utilizing copper (Cu)-Kα radiation \[λ = 1.54060 Å\] with nickel monochromator in the range of 2θ between 20° and 80°. Scherrer's formula was used to standardize average crystallite size. Furthermore, identification of vibrational characterization of green engineered ZnO NP sand functional groups involve in reduction or capping of ZnO NPs was assessed using ATR-FTIR spectroscopy within the wave number varying from 500--4000 nm.

Collection of explant and optimization of culture conditions {#sec007}
------------------------------------------------------------

Mature plants and seeds of Switchgrass were collected from NARC (National Agriculture Research Centre) Islamabad, Pakistan. Seeds from mature spikelet's were dehusked and taken as explants along with internodes of fresh stems. The explants were surface sterilized following protocol of \[[@pone.0230464.ref026]\]. MS (Murashige and Skoog) 4.3 g/L media with 3% sucrose, 10 ml (100 XL) of Vitamin B12, 3.5 g/L of casein hydrolysate and 4g/L gelrite agar was mixed, afterward pH of the media was maintained at 5.8 and autoclaved for 20 min at 121°C. Different concentration ZnO-NPs were added in autoclaved media. For prevention of agglutination of nanoparticles at thebase, media was set to normal upto 45°C and media tubes were kept at room temperature to solidify. All the work was carried out under sterilized conditions.

Callus induction {#sec008}
----------------

Sterilized seeds were transferred to the callus induction medium supplemented with different concentrations Of ZnO nanoparticles (10, 20, 30, 40, 50 mg/L). For the induction of callogenesis, MS media with 2.5 mg/L of 2, 4-D was utilized and augmented along with different concentration of ZnO-NPs (10--50mg/L), and without ZnO-NPs as control \[[@pone.0230464.ref027]\]. The pH of medium was adjusted to 5.6--5.8. The culture tubes were placed in dark as well as in light (16/8 h photoperiod) conditions at 23±2°C for 2-weeks. After regeneration period of 2-weeks, embryogenic callus was attained. The percentage (%) of callus induction and weight of callus were recorded after three weeks of inoculation. The frequency of callus induction was recorded by using following formula: $$Callus\mspace{720mu} induction\mspace{720mu} frequency\left( \% \right) = \frac{No.\mspace{720mu} of\mspace{720mu} callus\mspace{720mu} obtained\mspace{720mu} by\mspace{720mu} explants}{No.\mspace{720mu} of\mspace{720mu} explants\mspace{720mu} inoculated} \times 100$$

Callus regeneration {#sec009}
-------------------

The appropriate concentrations of ZnO nanoparticles from the callus induction medium were used. After 2-weeks of callus induction, the induced calli were transferred to sterilized filter paper (Whatman^™^ No.1) in the dark condition under 25±2 °C for one week. Embryogenic callus formed were shifted on the regeneration media RGM (2.5 mg/L of BAP + 0.5 mg/L of Kin) with varying concentrations of ZnO-NPs and without ZnO-NPs as control \[[@pone.0230464.ref027]\]. The pH of the medium was adjusted to 5.6--5.8. The cultures were incubated in the light condition (1000 luxs intensity by fluorescence tubes and 16 hr photoperiod) under 25±2 °C for 4-weeks. The percentage (%) of green spots and plant regeneration of callus were recorded after 4-weeks of inoculation. Different concentrations of ZnO NPs were supplemented to obtained best regeneration frequency of switchgrass. After 10--12 weeks regeneration frequency was calculated by following formula: $$Regeneration\mspace{720mu} frequency\left( \% \right) = \frac{No.\mspace{720mu} of\mspace{720mu} callus\mspace{720mu} regenerated\mspace{720mu} into\mspace{720mu} plantlets}{No.\mspace{720mu} of\mspace{720mu} callus\mspace{720mu} inoculated\mspace{720mu} for\mspace{720mu} regenration} \times 100$$

Statistical analysis {#sec010}
--------------------

Data was statistically analyzed by two factorial design and Analysis of Variance (ANOVA) in Statistix 8.1 software. All experiments were replicated thrice, and individual replication had 10 treatments.

Results and discussion {#sec011}
======================

SEM analysis {#sec012}
------------

The morphology of biologically synthesized ZnO ([Fig 2](#pone.0230464.g002){ref-type="fig"}) was studied using Field Emission Scanning Electron Microscope (FE-SEM) while its chemical composition was determined using energy dispersive x-ray spectroscopy (EDS), as depicted in [Fig 3](#pone.0230464.g003){ref-type="fig"}. ZnO prepared through green synthesis had a hexagonal shape and a rod-like morphology (hereafter referred as ZnO nanorods). SEM images of ZnO nanorods were observed at increasing magnification of 5 μm, 2 μm, 1 μm and 500 nm, respectively, and individual ZnO nanorods can be clearly noticed at higher magnifications. The diameter of ZnO nanorods was found to vary in the range between 90--390 nm. EDS in [Fig 3](#pone.0230464.g003){ref-type="fig"} shows that the ZnO nanorods are of high purity since only two peaks were observed in the EDS spectrum. The major peak for Zn indicates 92.68 wt. % Zn while the minor one refers to the remaining oxygen content ([Table 1](#pone.0230464.t001){ref-type="table"}). EDS results showed that Zn and O ions are present in the green synthesized NPs. The current observations are supported by the findings of \[[@pone.0230464.ref028]\]. Ghodake et al. \[[@pone.0230464.ref029]\] reported similar hexagonal shape of the NPs. Modifying the pH results in alteration of surface charge of phytochemicals affect their reduction capacity and binding potential of metal ions in the synthesis of NPs \[[@pone.0230464.ref030]\]. In our results, hexagonal nanorods like morphology of synthesized NPs utilizing SEM clearly indicates successful capping of bio active compounds from *C*. *citratus* extract.

![FE-SEM images of ZnO nanorods at a resolution of (a) 10KX, (b) 25KX, (c) 50KX, (d) 100KX, and (e) EDS spectra of ZnO nanorods.](pone.0230464.g002){#pone.0230464.g002}

![EDS analysis of ZnO-NPs indicating the purity of Zinc (Zn) and Oxygen (O) in the sample.](pone.0230464.g003){#pone.0230464.g003}

10.1371/journal.pone.0230464.t001

###### Atomic percentage of oxygen and oxygen in zinc oxide NPs as observed from EDX spectra.

![](pone.0230464.t001){#pone.0230464.t001g}

  Element                  Weight %           Atomic %
  ------------------------ ------------------ ----------
  Hexagonal ZnO NPs                           
  Peaks possibly omitted   0.270, 2.149 keV   
  O K                      7.32               24.40
  Zn K                     92.68              75.60
  Totals                   100.00             

FTIR spectroscopy {#sec013}
-----------------

The functional groups present in ZnO-NPs and plant extracts were investigated through ATR-FTIR in the range of wavelength number 500--4000 cm^-1^ ([Fig 4](#pone.0230464.g004){ref-type="fig"}). ATR-FTIR spectra of ZnO result in peaks range between 3852.85, 3649.37, 2167.06, 2036.06, 2011.69, 1980.83, 1043.68, 794.82, 746.04, 727.34, 677.37, 668.90, 660.07 and 652.81 cm^-1^. The sharp peak at 2167.06 cm^-1^ indicates the stretching vibration of C≡C stretch of alkynes. The sharp peak at 1043.68 cm^-1^ shows the presence of amine NH group and two peaks at 1043.68 cm^-1^ refer to the presence of C-H stretch of aliphatic amines \[[@pone.0230464.ref031]\]. The peaks in the region below 700 cm^-1^ are assigned to Zn-O which show ZnO-NPs absorption band near 660 cm^-1^. Vibrational and stretching nature of molecules in FTIR spectra provide data to examine the pure phase of ZnO-NPs. Zinc oxide demonstrate typical identified FTIR spectrum ([Fig 5](#pone.0230464.g005){ref-type="fig"}) and results demonstrate the secondary metabolites attachment with ZnO-NPs. Electrostatic forces between the positive charged Zn ions and negatively charged molecules are involve in binding of these functional groups. This interface makes NPs ideal applicants for different biological activities \[[@pone.0230464.ref032]\].

![ATR-FTIR spectrum of the powder samples (a) green synthesized ZnO-NPs (b) *Cymbopogon citratus* extracts.](pone.0230464.g004){#pone.0230464.g004}

![XRD pattern of green synthesized zinc oxide nanoparticles.](pone.0230464.g005){#pone.0230464.g005}

XRD analysis {#sec014}
------------

The phase purity and crystalline nature of NPs has been investigated through XRD. [Fig 5](#pone.0230464.g005){ref-type="fig"} illustrate crystallographic nature of green synthesized NPs in the range of 20°-80°. The XRD pattern shows clear and distinguishable peaks at (100), (002), (101), 102, (110), (103),(200), (112), (201),(004) and (202) corresponds to 2θ values of 31.73, 34.43, 36.21, 47.55, 56.56, 62.82, 63.45, 65.21, and 69.02, 70.02, 75.45, 77.05. The comparatively high amount of the (101) peak is revealing of anisotropic development and suggests an ideal orientation of the crystallites. All noted peaks intensity profiles were featured of the hexagonal rod structure. The structural crystalline size of ZnO-NPs is calculated using Scherrer's formula; $$D = K\mspace{720mu}\lambda/\beta\mspace{720mu} Cos\mspace{720mu}\theta$$ K is shape factor, λ is the wavelength of X-ray, and β and θ are the half width of the peak and half of the Bragg angle correspondingly. The average crystalline size are found closer to 50 nm. All the peaks in XRD spectra are accordance to JCPDS card no. 00-004-0347 which validate the hexagonal crystalline structure and no peaks relate to any type of impurity.

Effect of ZnO-NPs on MS medium for callus induction frequency {#sec015}
-------------------------------------------------------------

In present study, the role of green synthesized ZnO-NPs from *C*. *citratus* was investigated for its efficacy in tissue culture of Switchgrass. This is the first reported study on switchgrass tissue culture using ZnO-NPs. Zn also play a vital role as a co-factor in appropriate functionality of several enzymes comprising superoxide catalase and dismutase which inhibits ROS stress in plant cells \[[@pone.0230464.ref033]\]. The role of ZnO-NPs in induction of callus was investigated in the present study and data is presented in [Table 2](#pone.0230464.t002){ref-type="table"}. The tested concentrations of NPs were 10, 20, 30, 40 and 50 mg/L ([Fig 6](#pone.0230464.g006){ref-type="fig"}). At concentration 10 mg/L, there was 63% increase of callus induction frequency as compared to 53% in control. At concentration 30 mg/L, seeds showed maximum callogenesis of 90% followed by 83% at concentration 20 mg/L as compared to control. Internodes as explants showed similar results against tested concentrations but the maximum callogenesis 96% was recorded at 20 mg/L and 86% at 30 mg/L as compared to control 63%. Metal oxide NPs like silver, zinc oxide, copper oxide and cerium oxide have influences on overall plants growth \[[@pone.0230464.ref034]\]. When the concentration of nanoparticles was further increased to 40 mg/L, there was a decreased in callus induction frequency in both seeds and internodes to 43% and 5% respectively. The results showed very low callogenesis 16% at 50 mg/L in internodes, but no callus was recorded at that concentration in seeds as explants. The increase in callus induction frequency using ZnO NPs can be explained in terms as Zn is a micronutrient and can be supplied to plants NPs \[[@pone.0230464.ref025]\] however, the effects were concentration dependant and above 20--30 mg/L was proved to increase the callogenesis. Data clearly reflect the positive response of ZnO-NPs at low concentration up to 30 mg/L. As the concentration increased from 30 mg/L, the effects of ZnO NPs were shifted towards negative response due to the injury in the cell's wall and membrane thus piercing it and interfering with the various plant's developments \[[@pone.0230464.ref035]\]. As they can restrict the electron transport chain of mitochondria and chloroplast, which may cause oxidative burst, rise in ROS concentration and cause cell death \[[@pone.0230464.ref036]\] which in turn decrease the callogenesis in switchgrass.

![Effect of different concentration of ZnO NPs (10, 20, 30, 40, 50 mg/L) on callogenesis.](pone.0230464.g006){#pone.0230464.g006}

10.1371/journal.pone.0230464.t002

###### Effect of various concentrations of ZnO-NPs on MS medium for callus induction frequency.

![](pone.0230464.t002){#pone.0230464.t002g}

  Explant          Control            ZnO-NPs 10 mg/L    ZnO-NPs 20 mg/L    ZnO-NPs 30 mg/L    ZnO-NPs 40 mg/L     ZnO-NPs 50 mg/L
  ---------------- ------------------ ------------------ ------------------ ------------------ ------------------- -------------------
  **Seeds**        16.30±1.2^b^ 53%   19.33±1.0^b^ 63%   25.16±2.6^c^ 83%   27.00±1.9^c^ 90%   13.14±0.01^b^ 43%   0.00±0.0^d^ 0%
  **Internodes**   19.00±0.1^b^ 63%   19.00±0.0^b^ 63%   29.66±2.2^c^ 96%   26.00±0.01c 86%    17.00±2.2^b^ 56%    5.17±1.0^a^ (16%)

LSD for media = 4.3920. LSD for explant = 2.5227. p\< 0.05. Small alphabets are average of 3 replicates each replicate had 10 treatments.

In tissue culture media, the enhanced growth frequency of callogenesis may be due to up regulation or down regulation of different hormonal pathways such as increased levels of cytokinin in response to NPs and enhanced rate of callogenesis \[[@pone.0230464.ref037]\]. There is a difference in response of both explants tested in terms of optimum growth at different concentrations of NPs. Hence, it can be concluded that nanoparticles having small size can enter the explants, and thus affect some genetic reprogramming features \[[@pone.0230464.ref038]\]. Moreover, biosynthesis of various proteins necessary for chloroplast development is likely induced by the high rate of zinc absorption from ZnO-NPs by the cells, resulting in increased callus growth.

Average number of days to callus initiation {#sec016}
-------------------------------------------

Number of days explants took to start callogenesis was observed and recorded in [Table 3](#pone.0230464.t003){ref-type="table"}. Both the explants showed variability in terms of number of days for callus initiation at various concentrations of ZnO-NPs as compared to control 29 days. At concentration 20 mg/L, seeds took minimum of 19 days, followed by 30 mg/L at which callogenesis was observed after 20 days of inoculation. However, with the increase of concentration there was an increase in days for callus initiation at concentration 40 mg/L as compared to control. At 10 mg/L no significant difference was observed in both the explants in starting callus as compared to control and no callogenesis was recorded when concentration increased to 50 mg/L.

10.1371/journal.pone.0230464.t003

###### Average number of days to callus initiation.

![](pone.0230464.t003){#pone.0230464.t003g}

  Explant          Control   ZnO-NPs 10 mg/L   ZnO-NPs 20 mg/L   ZnO-NPs 30 mg/L   ZnO-NPs 40 mg/L   ZnO-NPs (50 mg/L)
  ---------------- --------- ----------------- ----------------- ----------------- ----------------- -------------------
  **Seeds**        29±1.45   27±3.22           20±2.15           20±0.01           32±0.76           \_\_\_\_\_\_\_
  **Internodes**   23±1.05   23±0.45           17±2.75           15±1.85           29±0.98           33±1.55

In case of internodes, promising results were observed at concentration 20 mg/L and callogenesis started at 15 days as compared to control 23 days followed by 17 days at concentration 20 mg/L. No difference in initiation of callus was observed at minimum tested concentration of NPs i.e. 10 mg/L as compared to control both took 23 days. Maximum 29 and 33 days was recorded for the concentrations 40 mg/L and 50 mg/L respectively. As the callus induction frequency was declined with increase in concentration and more days were taken to initiate callus formations. This is because of the negative effects or cytotoxicity and genotoxicity of ZnO at higher concentration \[[@pone.0230464.ref039]\].

Zinc shows significant role in a broad range of processes in plants, like growth hormone synthesis and internodes elongation. The optimum concentration at which minimum days taken by internodes were 17 days as compared to control explants which took 23 days to initiate callus. This phenomenon can be explained in terms of up regulation of genes, as the nano sized ZnO-NPs can easily penetrate into cytosol via active transport and can also help in regulation of other processes like cell signalling, recovering and the regulation of plasma membrane \[[@pone.0230464.ref040]\]. Plants develop unorganized cell masses such as callus and tumours in response to various biotic and abiotic stimuli. Overexpression of genes encoding auxins causes proliferation of cells that leads to initiate callogenesis \[[@pone.0230464.ref041]\].

Regeneration of switchgrass at different concentrations of ZnO-NPs {#sec017}
------------------------------------------------------------------

The calli resulting from both the tested explants were shifted to regeneration media control and with various concentrations of ZnO-NPs to check the efficacy of NPs on regeneration frequency reported on RGM with 20 mg/L and 30 mg/L ZnO-NPs in internodes and seeds respectively. After shifting to RGM media, callus was regenerated within few days ([Fig 7](#pone.0230464.g007){ref-type="fig"}) as these NPs interact with plants and became a source of change in physiology and morphology of plants \[[@pone.0230464.ref042]\]. The regeneration capacity of Switchgrass was enhanced by the addition of ZnO NPs as compare to control ([Table 4](#pone.0230464.t004){ref-type="table"}). The effects of NPs is mainly due to arrangement, size, and concentration of particles \[[@pone.0230464.ref043]\]. Small size to higher surface area to charge ratio enable these particles to dissociate quickly in the cytosol of the plant and because of this speedy release of ZnO-NPs aids enzymes at cellular level to achieve precise and effectual photosynthesis process \[[@pone.0230464.ref044]\]. Our findings are in agreement with increase the concentration of ZnO NPs enhance regeneration in Banana plant reported by \[[@pone.0230464.ref045]\]. Prasad et al. \[[@pone.0230464.ref046]\] reported the effect of ZnO on *Arachis hypogaea* growth up to 1,000 mg/L the NPs promoted seed germination and growth dynamism.

![Regeneration frequency of switchgrass at different concentrations of ZnO-NPs (10--50 mg/L).](pone.0230464.g007){#pone.0230464.g007}

10.1371/journal.pone.0230464.t004

###### Regeneration of switchgrass at different concentrations of ZnO-NPs.

![](pone.0230464.t004){#pone.0230464.t004g}

  Explant          Control RGM         RGM +ZnO-NPs 10 mg/L   RGM+ZnO-NPs 20 mg/L   RGM+ZnO-NPs 30 mg/L   RGM+ZnO-NPs 40 mg/L   RGM+ZnO-NPs 50 mg/L
  ---------------- ------------------- ---------------------- --------------------- --------------------- --------------------- ---------------------
  **Seeds**        7.13±1.05^c^ 24%    13.20±1.14^b^ 43%      17.28±0.75^b^ 57%     23.10±2.1^a^ 76%      5.21±2.45 16%         0.00±0.00^d^ 0%
  **Internodes**   10.00±1.35^c^ 33%   15.00±0.05^b^ 50%      24.00±0.01^a^ 80%     21.33±1.1^a^ 70%      17.00±1.25^b^ 56%     7.43±0.98^c^ (23%)

LSD for explant = 4.019. p\< 0.05. Small alphabets are average of 3 replicates each replicate had 10 treatments.

The regeneration frequency can be increase by adding ZnO-NPs, as zinc helps the plant to make chlorophyll. During photosynthesis, most of the enzymes need metallic ions as a co-factor to complete their appropriate function whereas; accessibility and reactivity of these ions at the level of cell are vital signs for usual plant development \[[@pone.0230464.ref047]\]. Additionally, Zn deficiency hindered the plant bicarbonate use capability and PS II activity due to the incidence of excess bicarbonate ions. Zn deficiency represses other Zn-containing enzymes, such as alcohol dehydrogenase and glutamate dehydrogenase, consequently inhibiting plant growth \[[@pone.0230464.ref048]\].

However, at higher concentrations of metallic NPs, growth factors showed a noteworthy decrease \[[@pone.0230464.ref049]\]. NPs can have considerable negative effects, like decrease in seed germination and decrease in plant growth and development resulting in wilting of plant \[[@pone.0230464.ref050]\]. Due to the interaction of NPs at cellular level, ROS formed interacts with nearly all cellular mechanisms resulting in protein modifications, lipid peroxidation, and destruction to DNA which finally results in necrosis or cell death \[[@pone.0230464.ref037]\]. Hence, optimization of concentration of NPs is required to obtain beneficial results in plant tissue culture.

Conclusions {#sec018}
===========

The present study concludes that biosynthesis of pure ZnO-NPs is efficient, cost effective and environment friendly process which can be efficiently used in plant tissue culture. Secondary metabolites from *C*. *citratus* extracts have successfully tailored the nanoparticles by showing strong capping and reducing ability. XRD and SEM reports reveal hexagonal rod like morphology of NPs with crystalline nature. ATR-FTIR also demonstrates pure chemical behaviour of bio-fabricated NPs. Additionally, biosynthesized ZnO-NPs show promising callogenesis and regeneration rate at optimum concentrations. Small sized and highly biocompatible ZnO-NPs could be an alternative for chemical and physical methods for the large-scale synthesis. The ecofriendly, plant mediated ZnO-NPs have the potential to be used in various fields such as agriculture, photocatalysis, medicine, and drug delivery systems.

10.1371/journal.pone.0230464.r001
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The name of the colleague or the details of the professional service that edited your manuscriptA copy of your manuscript showing your changes by either highlighting them or using track changes (uploaded as a \*supporting information\* file)A clean copy of the edited manuscript (uploaded as the new \*manuscript\* file)

3\. In your Methods section, please provide additional information regarding the permits you obtained for the work. Please ensure you have included the full name of the authority that approved the field site access and, if no permits were required, a brief statement explaining why.
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5\. Please ensure that you refer to Figure 1 in your text as, if accepted, production will need this reference to link the reader to the figure.
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: What is the novelty of this work because a lot has been published on green synthesis and effect on plant?

\"Around 8.93 g of zinc nitrate hexahydrate salt (Sigma Aldrich)\" is it scientifically sound to measure/write around

minutes and hours should be min and hr and use proper scientific units

what was speed of centrifugation, write in g

callus induction and callus regeneration protocols are not up to date; need extensive revision

The major requirement is manuscript is use of control. Zinc salt and chemically synthesized ZnO NPs should be used to justify the use of green synthesized NPs

What is the mechanism behind this; ZnO NPs increase callus induction and regeneration of plants

Reviewer \#2: Reviewer comments

Dear Editor and authors,

Overall, manuscript present comprehensive study regarding "Green Fabricated Zinc Oxide Nanoformulated Media Enhanced Callus Induction and Regeneration Dynamics of Panicum virgatum L." The study is novel that that focuses on the effect of green synthesis ZnO nanoparticles in callogenesis and morphogenesis of the Panicum virgatum which will provide an additional version of using NPs in the field of plant tissue culture. Generally, language of manuscript is good. However, it would be better to review it. Several sentences need revision for their grammar, sentence structures, singularity and plurality. The manuscript can only be accepted if authors completing the revision by properly incorporating data and addressing each comment.

• The abstract has provided concise idea of the research work performed on Zinc nanoparticles against antibacterial, antioxidant and anticancer studies.

• Further, the authors are supposed to provide 1-2 line on future perspectives of this research at the end of the abstract.

• "The current study was focused" is wrong. Revised form should be like this..."The current study focuses on.............................

• Overall, the introduction provide concise idea of the study performed. The introduction is well written but need improvement in several parts. The different paragraphs need better cohesion and connection.

• Please revise the statement "suited for biomass production for renewable fuels and also fodder" on marginal soils". It doesn't sound clear grammatically and scientifically.

• Revise his statement. It has strong root system and delivers unique soil preservation and is well-matched with usual farming practices.

• I think there is mistake with citation. Take a look on the "nm\[13 khan 2019\]".....and correct it.

• This field has vast application in different areas such as food, biomedical research, cosmetics, health care, drug delivery.

• This field has vast application in different areas such as food, biomedical research, cosmetics, health care, drug delivery \[15\] and different domains like energy science, photochemistry have benefited from nanotechnology \[16\]. There references provided are not updated. Support and cite your statement with the following updated articles. Here are the links.

� <https://iopscience.iop.org/article/10.1088/2053-1591/ab664d>

� <https://www.mdpi.com/2218-273X/10/1/38>\...

• Metallic nanoparticles have been synthesized through plethora Of techniques; among that green engineering of the nanoparticles or nanomaterials is more ecofriendly and cost effective method \[17\]. Reference 16 & 17 are missing from the reference section. Please support and cite your statement with updated articles. Here are links...

� <https://www.sciencedirect.com/science/article/abs/pii/S0022286019304612>

� <https://iopscience.iop.org/article/10.1088/2053-1591/ab40df>

• The Materials and method section is written very well. The protocols have been discussed in details. The synthesis methods has been fully discussed. Take a look on the structure of sentences, if somewhere week. Revise your sentence structure.

• The results and discussion part of the paper is well written. The authors have fully supported and discussed their results with the previously published data.

• The section is comprehensive and well written. The authors have confirmed the formation, morphology, structure and different other physicochemical properties of ZnNPs through different characterization techniques.

• Cross check all the references and strictly follow author guidelines for formatting.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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8 May 2020

Response to reviewers

Reviewer 1. I have incorporated all the suggestions recommended into my revision. Thank you for your time and help.

Reviewer 2. I have incorporated all the suggestions recommended into my revision. Thank you for your time and help.
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Green Fabricated Zinc Oxide Nanoformulated Media Enhanced Callus Induction and Regeneration Dynamics of Panicum virgatum L.
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Dear Dr. Ahmad,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Jen-Tsung Chen, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Authors have addressed most of the comments. Further revision is not required however authors did not studied any mechanism in ZnO toxicity as advised before

Reviewer \#2: Dear editor,

The authors have successfully addressed all the comments, suggestions and recommendations. Now, I accept and recommend the article for publication in its present form.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No
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Green Fabricated Zinc Oxide Nanoformulated Media Enhanced Callus Induction and Regeneration Dynamics of Panicum virgatum L.

Dear Dr. Ahmad:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Jen-Tsung Chen

Academic Editor

PLOS ONE
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